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ABSTRACT
Context. The detection of an extra component in GRB 060904B X-ray spectra in addition to the standard single power-law behaviour
has recently been reported in the literature. This component can be fit with different models; in particular the addition of a spectral
line provides the best representation.
Aims. In this paper we investigate the physical properties that the surrounding medium must have in order to produce a spectral feature
that can explain the detected emission.
Methods. We analyse and discuss how and if the detected spectral excess fits in different theoretical models developed to explain
the nature of line emission during the afterglow phase of Gamma-Ray Bursts (GRBs). Trasmission and reflection models have been
considered.
Results. Given the high value (≫ 1) of the Thomson optical depth, the emission is likely to arise in a reflection scenario. Within
reflection models, the external reflection geometry fails to predict the observed luminosity. On the contrary, the detected feature can
be explained in a funnel scenario with typical opening angle θ ∼ 5◦, Nickel mass ∼ 0.1 M⊙ and T = 106 K. For θ ∼ 20◦, assuming the
reprocessing material to be the SN shell, the detected emission implies a Nickel mass ∼ 0.4 M⊙ at T ∼ 107 K and a metallicity ∼ 10
times the solar value. If the giant X-ray flare that dominates the early XRT light curve is identified with the ionizing source, the SN
expansion began ∼ 3000 s before the GRB event .
Key words. GRB: X-Ray afterglow
1. Introduction
A direct observation of Gamma-Ray Burst (GRB) central en-
gines is not possible; however, it is possible to infer something
about the nature of their progenitors if indirect probes of the
physical conditions, structure and composition of the material
at the GRB site can be found. X-ray spectroscopy is one of such
probes.
Up to the present time, the overwhelming majority of X-ray
spectra of afterglows detected by Swift shows a power law be-
haviour, (see e.g. O’Brien et al. 2006) result of a non thermal
emission, the leading candidate for which is syncrotron emis-
sion (Piran 2005 and references therein). Any deviation from this
standard behaviour would be extremely interesting.
Detections of emission and absorption features in addition
to the basic absorbed power law have been claimed in a number
of observations (see Sako et al. 2005, their Table 2 for a com-
prehensive summary). Most are interpreted as Fe Kα emission.
The emission line radiation is supposed to be produced through
reprocessing of the burst radiation: for this reason its luminosity,
spectral shape and wavelength shift carry important information
not only about the geometry and structure of the surrounding
medium, but also about the physical conditions at the GRB site
and the same GRB energetics (Ghisellini et al. 2002). However,
the statistical significance of the claimed detections has been
questioned by Sako et al. (2005): a large fraction of the claims
are based on using the F-test, a statistical method that gives both
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false positives and false negatives when applied to emission or
absorption features (Protassov et al. 2002). After a re-analysis
of the data based on Monte Carlo simulations Sako et al. (2005)
ruled out all of the reported features.
Recently, new detections have been claimed by Butler (2007)
and Moretti et al. (2007) (hereafter M07). In particular, M07
focussed on spectra of GRBs with know redshift detected by
Swift in the period April 2005-January 2007 with very steep
spectra (photon index Γ > 3, value obtained with an absorbed
single power law -hereafter SPL- fit). Out of 13 spectra with
more than 2000 photons satisfying this condition, highly signifi-
cant deviations from the SPL spectral model have been found in
4 cases. These spectra belong to GRB 060502A, GRB 060729,
GRB 060904B and GRB 061110A. These bursts have been de-
tected by Swift. In one case (GRB 060904B) the excess can be
modeled by the emission line of highly ionized Nickel (see Fig.
1).
We refer the reader to M07 for details about the sample se-
lection and the statistical methods used.
In this paper we analyse and discuss how and if the spec-
tral excess detected in GRB 060904B fits in the different models
developed to explain the production of line emission during the
afterglow phase of GRBs. In particular, the theoretical implica-
tions of the possible detection of Nickel emission ≈ 200 s (see
Fig. 2) after the onset of the GRB event will be explored.
This paper is organised as follows: the spectroscopic iden-
tification of the line emission is discussed in Sect. 2. In the
same Sect. we derive simple constraints to the theoretical mod-
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Fig. 1. Upper panel: GRB 060904B spectrum observed in the rest frame time interval 138 − 185 s. Solid thick black line: best
fit absorbed simple power-law model (SPL): photon index Γ = 3.55+0.08
−0.08; neutral absorber column density at the source redshift
NH,z = (0.69+0.04−0.04) × 1022 cm−2. Thin coloured line: best fit absorbed power-law plus gaussian model (GAU): Γ = 3.67+0.10−0.09; NH,z =
(0.74+0.05
−0.05)×1022 cm−2; the values of the parameters related to the gaussian component are reported in Tab. 1. The Galactic hydrogen
column density NH,MW has been fixed to the value reported in Dickey & Lockman (1990) along the GRB direction (M07). Lower
panel: ratio between the observed values and the model predicted values. (In color in the online edition.)
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Fig. 2. Luminosity curve of GRB 060904B in the observed 0.3−
10 keV energy band (XRT observations). Rest frame times as
measured from the BAT trigger have been used. Grey dashed
lines: interval of time during which the anomalous emission
arises.
els starting from purely geometrical considerations. We discuss
the relevant physical quantities linked to the detected emission
in Sect. 3. Theoretical models are derived in Sect. 4. We address
the problem of the ionizing source in Sect. 5, while in Sect. 6
we derive limits to the GRB total energy reservoir starting from
the detected line luminosity. Finally, our results are discussed in
Sect. 7. Conclusions are drawn in Sect. 8.
The data reduction and temporal analysis have been per-
formed using the standard HEADAS software, v6.1, while for
the spectral analysis we used XSPEC (v11.3). Unless other-
wise stated, we quote errors at the 68% of confidence level.
Through out this paper standard concordance cosmology is used:
Ωm = 0.27, ΩΛ = 0.73, h0 = 0.71.
2. Spectroscopic identification and geometrical
constraints
For GRB 060904B, the statistically significant deviation from
the SPL spectral model is best modeled by an additional
Gaussian component (see Fig. 1). After a Monte Carlo analysis,
M07 report a multitrial significance of the excess greater that
99.9%. We refer the reader to M07 for details. Table 1 shows the
physical quantities related to the detected excess. Unless other-
wise stated, rest frame values will be used (the burst is located at
z = 0.703; Fugazza et al. 2006).
The detected excess is centered at 7.85 keV in agreement
with what we expect from highly ionised Nickel line emission:
the kα emission of H-like (He-like) Nickel is expected to lie at
8.10 keV (7.81 keV). Such detection differs from previous claims
of line emission in GRB afterglows because of the much larger
luminosity involved (about 3 orders of magnitude higher; see
e.g. Bo¨ttcher 2004 and references therein), and because of the
really short delay between the GRB event and the line detection
(≈ 102 s). In previous claims of line detection the event has been
reported to occur at later times, i.e. 104 − 105 s after the GRB
detection.
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Table 1. Best fit parameters and physical quantities related to
the spectral excess detected in GRB 060904B X-ray afterglow.
The spectrum has been modeled with a SPL with superimposed
a Gaussian component to fit the line profile: time interval be-
tween the GRB explosion (BAT trigger) and the detection of the
spectral excess; observed duration of the anomalous emission;
Gaussian width; Gaussian central energy; luminosity of the ad-
ditional spectral component; equivalent width. Rest frame values
are provided. (From M07).
tdet 138 (s)
∆ta 47 (s)
σν 0.50+0.35−0.17 (keV)
E0 7.85+0.16−0.25 (keV)
Lline 1.10 ± 0.18 (1047 erg/s)
EW 2.0 ± 0.3 (keV)
a Lower limit to the real duration of the emission because of a gap of
observation between ∼ 200 s and ∼ 2000 s (rest frame values) after the
GRB onset. Hence we can write 47 s ≤ ∆t < 2000 s.
The link between GRB events and supernova (SN) explo-
sions has been established in a number of observations (see
e.g. Galama et al. 1998; Stanek et al. 2003; Malesani et al. 2004;
Campana et al. 2006). If we require the line emitting material to
be the SN shell, then from the failed detection of Co features at a
3σ confidence level we derive an upper limit on the remnant age:
tremn ≤ 6 days. (The time evolution of Ni, Co and Fe abundances
as modeled by Woosley & Weaver 1995 has been assumed).
Adopting vshell ≈ 109 cm s−1 as typical expansion velocity of
the SN shell at early stages (see e.g. Patat et al. 2001), the maxi-
mum distance travelled by the reprocessing material is therefore
Rmax ≈ 1015 cm. Assuming a contemporaneous SN-GRB explo-
sion this distance shrinks to ≈ 4 × 1012 cm. On the other hand,
from purely geometrical considerations the detection of the line
emission at tdet requires the material to be located within a dis-
tance R = c tdet(1−cosφ)−1 ≈ 4×1012(tdet/138 s)(1−cosφ)−1 cm.
Note that R ≥ 1016 cm only for φ ≤ 1◦, where φ is the angle be-
tween the line emitting material and the line of sight at the GRB
site. For these reasons we consider unlikely the possibility that
the detected line emission originates in a distant (R ≥ 1016 cm)
reprocessor scenario and we prefer nearby (R ≤ 1013 cm) repro-
cessor models. In such models the duration of the line emission
is primarily linked to the time for which the central engine is
active. Unfortunately we have only a poor lower limit to this pa-
rameter (∆t ≥ 47 s) so that also geometrical factors can give
important contributions to the observed line duration. (In the
first ≈ 130 s the high level of the continuum emission prevents
us from detecting any spectral feature with the same luminos-
ity even if present, while no data have been collected by Swift
between ∼ 200 s and ∼ 2000 s after the onset of GRB 060904B).
3. Physical Conditions
Emission Time Scale– A line photon is produced each time an
electron recombines. The time scale of the emission process is
therefore set by the slowest between the ionization and the re-
combination processes. Even under the assumption of a ioniz-
ing luminosity similar to the luminosity of the observed excess,
it can be shown that tion ≪ trec, so that the ionization is es-
sentially istantaneous. The observed line luminosity implies an
emission rate of Nickel line photons of ˙N = Lline/ǫNi ≈ 1055 s−1
(ǫNi ≈ 8 keV); if each Nickel atom recombines only once, then
the emitting Nickel mass is given by MNi = 56mp ˙N∆t ≈ 20 M⊙.
1 However, Nickel masses as large as ≈ 20 M⊙ are difficult to
account for in any reasonable physical scenario. We therefore
conclude that each Nickel atom recombines more than once in
∆t ≈ 47 s, or trec < 47 s. Using the expression of the recombina-
tion time of an hydrogenic ion of atomic number Z = 28 given
by Verner & Ferland (1996) the previous expression turns into a
condition on the electron density and temperature of the plasma.
The allowed parameter space is shown in Fig. 3.
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Fig. 3. Coloured area: electron number density-temperature pa-
rameter space valid for trec < 47 s for GRB 060904B. The dashed
lines mark the 0.1 M⊙ < MNi < 20 M⊙ region, where MNi
is the emitting Nickel mass. The shaded area represents the
T ≤ 3.2 × 105 K region. The electron temperature is likely to be
higher than this value at this stage of the SN explosion (Arnett
1996).
Thomson Optical Depth– The Thomson optical depth of the
SN shell of radius R and total mass M is given by:
τT ∼
1
µemp
σT
4πR2
(MNi∗
X
)
(1)
where µe is the mean molecular weight; X = MNi∗/M; MNi∗ is
the total Ni mass. The photoionization optical depth for He-like
or H-like Nickel can be written as:
τNi =
ξ σNi
σT
Xµe
56 τT (2)
where ξ is the ionised to total Nickel abundance ratio and σNi
is the He-like or H-like Nickel photoionization cross section
(≈ 10−20 cm−2, from Verner & Yakovlev 1995). It is easy to show
that τT ≫ 1 for R ∼ 1012 − 1013 cm and M > 10−5 M⊙, where
M is the total mass of the remnant shell. While an efficient use
of the H-like or the He-like Nickel ions requires τNi ≥ 1, a
Thompson optical depth larger than one is a problem: if photons
diffuse through a plasma cloud in which Thomson scattering is
the predominant mechanism and if the cloud has a central photon
source, then the average number of scatterings experienced by a
photon will be ≈ 1/2 τ2T (see e.g. Sunyaev & Titarchuk 1980).
With τT ≫ 1 , the line would be smeared in the continuum and
no detection would be possible. We must therefore require the
line photons not to have crossed such regions along our line
of sight. This in turn implies that the electron clouds are not
isotropically distributed around the GRB location, in order to al-
low the line photons to freely escape. A τT ≫ 1 favours models
1 Note that in this paper we refer to 56Ni since this is the Ni isotope
mostly produced during SN explosions.
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in which the line is produced by reflection; in this case line pho-
tons come from the thin layer of material with τNi ≈ several or
τT ≤ 1. Trasmission models instead require the emitting material
to globally have τT ≤ 1.
Line Width– In this paragraph we consider the different phys-
ical processes that could lead to the observed line broadening
(≈ 0.5 keV, Table 1). A purely thermal broadening requires
T ≈ 1012 K, a temperature that is difficult to account for in
any reasonable physical scenario. At the same time this would
also cause the recombination efficiency to drop. On the other
hand, if the bulk expansion of the SN remnant is the source of
the observed broadening, then a velocity of the emitting atoms
≈ 25 000 km s−1 is required. It is notable that such velocities are
indeed observed during the firts stages of Hypernova (HN) ex-
plosions associated with GRB events (see e.g. Patat et al. 2001).
An alternative broadening mechanism is the Compton scat-
tering by free electrons of the emitting material. In high tempera-
ture gas the first scattering will produce an average energy broad-
ening ∆E/E ≈ (2kbT/mec2)1/2 (Sunyaev & Titarchuk 1980).
For the emission feature detected in GRB 060904B spectra, this
directly translates into T ≈ 107 K. It is however possible that the
real electron temperature is lower and that line photons undergo
numerous scatterings before reaching the observer. In this case
the centroid of the line would be redshifted (line photons are
mostly backscattered by colder electrons) with an average en-
ergy shift given by∆E ≈ 0.12 N1/2sc keV, where the Nsc stands for
the number of suffered scatterings (Sunyaev & Titarchuk 1980).
At the same time the multiple scattering process would further
smear the line out, making it more difficult to detect. It is there-
fore reasonable that Nsc ∼a few.
Given the poor statistics, it is not possible to discuss in detail
the line profile. In the following, results will be discussed for
electron temperatures in the range 106 − 108 K.
4. The models
In this section we discuss models in which the line is due to
reflection (see Sect. 3). The underlying physical mechanism is
fast ionizations and recombinations.
Reflection models (see Bo¨ttcher 2004 for a review) require
the presence of a dense optically thick medium surrounding the
burst site. Moreover, an anisotropic distribution of the material
is required in order to have a clean path where line photons can
propagate and reach the observer without being smeared in the
continuum (see Fig. 4). The ionizing flux is efficiently repro-
cessed in line photons in a superficial layer of the material with
τT ∼ 1 (in order to avoid excessive Compton broadening) and
τNi ∼several, to efficiently reprocess the continuum radiation.
The volume Vem effectively contributing to the observed line
emission is therefore given by Vem ≈ S∆R or Vem ≈ S/σTne.
The line luminosity can be expressed as:
Lline =
nNiVemǫNi
trec
=
nNiS ǫNiαr(Z, T )
σT
(3)
where:
σT : Thomson cross section;
ne : Electron number density;
nNi : Ni number density;
S : Emitting surface;
ǫNi : Energy of a single line photon (≈ 8 keV);
αr(Z, T ) : Recombination coefficient as a function of the
atomic number Z and temperature T (from
Verner & Ferland 1996). [αr] = cm3/s;
In the following two alternative geometries of emission will be
considered: an external reflection geometry and a stratificated
funnel geometry (Vietri et al. 2001).
4.1. External Reflection Model
According to the external reflection model, the line emitting ma-
terial is back-illuminated by burst or afterglow photons scattered
by preburst stellar wind (we refer the reader to Vietri et al. 2001
and references therein for details). In this model the line emitting
material has been ejected at subrelativistic speeds along the pro-
genitor equator in a simultaneous SN-GRB explosion. The lu-
minosity Lscatt back-scattered by electrons moving outward from
the source is of the order of (Vietri et al. 2001):
Lscatt ≈ 1.8 × 1045
m˙w,−5
vw,7
erg s−1 (4)
where m˙w,−5 = m˙w/(10−5M⊙yr−1) and the symbol m˙w stands for
the progenitor mass loss rate; vw,7 = vw/(107cms−1), being vw
the wind velocity. It is notable that this is already 2 orders of
magnitude lower than the observed line luminosity and ≈ 4 or-
ders of magnitude lower than the expected ionizing luminosity:
Lazzati et al. (2002) show that in optimal conditions a reprocess-
ing efficiency of ≈ 1% at most can be reached, so that for the
emission feature detected in GRB 060904B Lion ≥ 1049erg s−1
is required. A fine-tuning of the progenitor wind velocity and of
the mass-loss rate is therefore required to explain the observed
line luminosity. For this reason we consider this scenario un-
likely.
Fig. 4. Sketch of the geometry assumed for the reflecting mate-
rial for the funnel model discussed in the text.
4.2. Funnel Model
In this model the line emitting material is provided by the walls
of a funnel excavated in a young SN shell (Lazzati 2000). A cone
geometry of opening angle θ is assumed for simplicity (see Fig.
4). Considering a power-law electron number density profile:
ne = nI
(
r
RI
)−α
(5)
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equation (3) translates into:
Lline =
µeX
56σT
ǫNi 2π αr(Z, T ) sin(θ)nIRαI
∫ Ro
RI
r1−α dr (6)
where:
nNi = ne
µeX
56 =
neµe
56
M∗Ni
M
(7)
The total2 Ni mass M∗Ni can be written as:
M∗Ni = X M = X
(
4πµempcos(θ)nIRαI
∫ Ro
RI
r2−α dr
)
(8)
where mp is the proton mass. This allows us to derive the line
luminosity independently of the quantity nIRαI :
Lline = M∗Ni
ǫNi αr(Z, T )
112σTmp
tan(θ)
∫ Ro
RI
r1−αdr∫ Ro
RI
r2−αdr
(9)
The previous relation assumes trec > tion. A rough estimate of
the ionization time scale tion for material located at a distance R
from the photon source of luminosity Lion is given by:
tion ≈
ΩR2ǫion
LionσNi
(10)
where ǫion is the energy of the ionizing photons; the parameterΩ
allows for the possibility of collimated flux of ionizing photons.
The recombination time scale can be written as:
trec =
1
neαr(Z, T ) (11)
For the funnel cone geometry, the condition trec > tion therefore
becomes:
trec
tion
=
LionσNi
Ωǫionαr(Z, T )
1
nIRαI r2−α
> 1 (12)
As before, inserting nIRαI from equation (8) and assuming the
collimation angle of the ionizing photons to be ∼ θ we finally
derive:
trec
tion
=
(LionσNi
ǫionαr
2cos(θ)
(1 − cos(θ))
µemp
M
1
r2−α
∫ Ro
RI
r2−α dr
)
> 1 (13)
The system of equations that defines the funnel model is there-
fore:

Lline = M∗Ni
ǫNi αr (Z,T )
112σTmp tan(θ)
∫ Ro
RI
r1−αdr∫ Ro
RI
r2−αdr
LionσNi
ǫionαr
2cos(θ)
(1−cos(θ))
µemp
M
1
r2−α
∫ Ro
RI
r2−α dr > 1
Ro − RI ≈ c∆t
(14)
where in the last equation the duration ∆t of the line emission
is required to be comparable with the time needed by the source
photons to cross the SN shell. The observed or fixed quantities
are the following:
2 The fraction of the total Ni mass actually contributing to the de-
tected emission is indicated with MNi.
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Fig. 5. Upper limits to the total mass of the shell derived from
the second relation of the system 14 evaluated at r = Ro as a
function of the funnel opening angle. Solid lines: T = 106 K;
dashed lines: T = 107K; dotted lines: T = 108 K. Thick lines:
α = 0; thin lines: α = 1.
Lline : Line luminosity (1.10 × 1047 erg s−1);
ǫion : Energy of the ionizing photons (the ionization
threshold is ∼ 10 keV);
ǫNi : Energy of line photons (∼ 8 keV)
RI : Internal radius of the shell, supposed to be com-
parable to the stellar progenitor radius. In order
to reduce the parameter space, the system will be
solved for RI = 1011 cm (typical WR radius) and
RI = 1012 cm (typical blue supergiants radius).
Lion : An efficiency of converting the illuminating con-
tinuum into the specific line ∼ 1% is assumed
(Lazzati et al. 2002). For this reason the system will
be solved for Lion ∼ 1049 erg s−1;
µe : Mean molecular weight. For a completely ionised
material µe = 1, 1.2 and 2 for pure hydrogen, solar
composition and no hydrogen respectively. In the
following we assume µe ≈ 2.
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The unknown physical quantities of the system are:
θ : Funnel opening angle;
M∗Ni : Total Ni mass. We expect M
∗
Ni ≤ 1 M⊙ (see
e.g. Arnett 1996). In particular, if the unde-
tected SN associated with GRB 060904B is sim-
ilar to other well studied SNe associated with
GRB events, then M∗Ni ∼ 0.4 M⊙ is ex-
pected (see e.g. Iwamoto et al. 1998; Mazzali et al.
2003;Mazzali et al. 2006b;Mazzali et al. 2006a).
Results will be calculated for solar metallicity X =
1.8 × 10−3, X = 1.8 × 10−2 and X = 1.8 × 10−1;
Ro : Outer radius of the shell. From the third relation of
the equation 14 we expect Ro − RI ≥ 1012 cm;
α : Mass density power-law index. The mass density
of a SN shell can be approximated by a power-
law in radius for radii greater than some critical
value, while at radii less than critical the density is
roughly constant. The critical radius evolves with
time; its exact value is a function of the SN en-
ergy, the ejected mass and the density power law
index. However, at early times from the SN explo-
sion (t < 1 hr) the density profile is nearly constant
within Ro (see e.g. Blondin & Ellison 2001). At this
distance the density undergoes a rapid cutoff ( see
e.g. Arnett 1996, their Fig. 13.2). For this reason we
will consider only small values of the power-law in-
dex: 0 ≤ α ≤ 1.
Our numerical results for the characteristic quantities of the
problem are presented in Fig. 5–8. Figure 5 shows the varia-
tion of the upper limit to the total mass of the SN shell derived
from the second relation of the system (14) as a function of the
funnel opening angle. As the temperature rises, the recombi-
nation time increases, so that at a fixed funnel opening angle,
more Ni is needed (and hence more mass in the SN shell) to
fulfill the trec = tion requirement. Consequently the condition
trec > tion will be satisfied by a more extended range of SN
shell masses: for example, for RI = 1011 cm, Ro = 1012 cm,
T = 107 K we derive M ≤ 100 M⊙ with θ ≤ 1.45 rad. For
GRB-associated HNe, the ejected mass reported in the literature
(see e.g. Iwamoto et al. 1998; Mazzali et al. 2003;Mazzali et al.
2006b; Mazzali et al. 2006a) is however about one order of mag-
nitude smaller. For this reason we expect M ∼ 10 M⊙.
Figure 6 presents the variation of the total Ni mass required
to explain the detected emission as a function of the funnel open-
ing angle and the outer radius of the shell. Results are shown for
different values of the internal radius and temperature. The strat-
ification index has been fixed to 0. As the temperature rises, the
required total Ni mass increases: this is due to the dependence
of the recombination time on the temperature. On the other hand
the increase of the funnel opening angle requires the detected
emission to be explained by a smaller amount of Ni mass. This
can be understood by considering that the density of the mat-
ter in the SN shell is a monotonic increasing function of θ.
Consequently trec is a decreasing function of the funnel opening
angle. The dependence of M∗Ni on the matter density manifests
itself also through the parameter Ro: the increase of the outer
shell radius requires M∗Ni to increase, in order to reproduce the
luminosity of the detected emission feature. Finally, increasing
RI, M∗Ni decreases.
The dependence of the model on the value of the stratifica-
tion index α is clear from Fig. 7 and 8: at a fixed outer radius,
α = 1 requires smaller values of the funnel opening angle and
higher values of the internal electron density. While the θ − Ro
∆t Γ L1−10 keV R2n
ξ = 104
(s) (erg s−1) (cm−1)
1 46 − 97 1.61+0.11
−0.11 8+0.4−0.5 × 10
48 8+0.4
−0.5 × 10
44
2 97 − 107 1.93+0.11
−0.10 4
+0.2
−0.2 × 1049 4+0.2−0.2 × 1045
3 107 − 117 2.36+0.15
−0.14 3+0.2−0.2 × 1049 3+0.2−0.2 × 1045
4 117 − 123 2.56+0.12
−0.11 2
+0.1
−0.1 × 1049 2+0.1−0.1 × 1045
5 123 − 131 2.81+0.12
−0.12 2
+0.1
−0.1 × 1049 2+0.1−0.1 × 1045
6 131 − 145 3.15+0.15
−0.14 1
+0.1
−0.1 × 1049 1+0.1−0.1 × 1045
7 145 − 185 3.75+0.19
−0.17 4
+0.2
−0.2 × 1048 4+0.2−0.2 × 1044
8 185 − 64600 2.22+0.15
−0.14 2
+0.2
−0.3 × 1045 2+0.2−0.3 × 1041
Table 2. Rest frame isotropic 1 − 10 keV luminosity of
GRB 060904B as a function of time from the GRB event. The
XRT data have been splitted into different intervals of time, so
that a minimum number of ≈ 2000 photons is containd in each
spectrum. A SPL model has been assumed. ∆t: interval of time;
Γ: photon index (90% CI are listed); R: scale distance; n:particle
density; ξ:ionization factor (see Sect. 7). For the interval of time
containing the emission feature (point 7) only the SPL contribu-
tion has been reported.
relation is nearly insensitive to the variation of this parameter, as
α increases from 0 to 1, the quantity nIX increases by a factor
≈ 101−102 (Fig. 8). Figure 7 shows the variations of the charac-
teristic quantities of the problem assuming a total Ni mass of 0.4
M⊙: for T = 106 K, RI = 1011 cm, Ro = 1012 cm the model re-
quires θ ≈ 0.02 rad (α = 0). Increasing the electron temperature
to 107 K (108 K) and keeping α = 0, the opening angle increases
to 0.08 rad (0.48 rad). The corresponding internal electron den-
sity at the emission site is nI ≈ 1020 cm−3. The internal electron
density would be about one order of magnitude lower if µe ∼ 16,
value of the mean molecular weigth for a SN ejecta dominated
by oxygen in a low ionization stage.
5. The ionizing source
The emission feature detected in GRB 060904B spectra is char-
acterised by a large EW = 2.0±0.3 keV. Following Lazzati et al.
(2002), we expect an underlying 1–10 keV continuum luminos-
ity L1−10 keV ≥ 100 Lline if this is to be identified with the ionizing
source. From the Swift XRT light curve (see Fig. 2) we derive
L1−10 keV = 4 × 1048 erg s−1 at t ∼ 160 s, time at which we de-
tect the emission feature. The detected underlying continuum is
therefore not physically linked to the line emission.
The 1–10 keV rest frame luminosity as a function of time
from the GRB onset is reported in Table 2. This table shows
that the detected luminosity is actually higher than 100Lline ∼
1049 erg s−1 in the time interval 100–130 s. Assuming that the
continuum illuminating the reprocessing material is similar to
the observed radiation, it is therefore possible to explain the
detected emission feature requiring the ionizing emission to be
isotropic and the reprocessing material to have a large covering
factor. In this scenario the time delay between the arrival of di-
rect continuum photons and the observation of the claimed line
emission ∆tD is explained in terms of light travel time effects.
We assume that the ionizing photons are produced at t ∼
100 s after the GRB onset or at a travelled distance of R ∼ 3 ×
1012 cm. At this distance they interact with the SN material. An
estimate of the funnel opening angle θ is therefore given by:
(R + Rp) θ ∼ c∆tD (15)
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been assumed (see the text for explanations). Results are shown for RI = 1011 cm (left panel) and RI = 1012 cm (right panel). In
both panels the realtion is shown for three different temperatures: 106 K (bottom), 107 K and 108 K (top). Solid (dashed) black lines
correspond to α = 0 (α = 1). Dashed grey lines: Ro = 1012, 1013 cm.
where Rp is the progenitor radius. With ∆tD ∼ 40 s, the previous
relation translates into θ ∼ 22◦, 17◦ and 5◦ for Rp = 1011, 1012
and 1013 cm. Moreover, assuming a typical expansion velocity
vshell ∼ 109 cm s−1, we have:
vshell(t + tSN) ∼ ct (16)
where tSN stands for the time delay between the GRB and the be-
ginning of the SN expansion: for tSN > 0 the SN event happened
before the GRB explosion. For t ∼ 100 s the previous relation
implies tSN ∼ 3000 s.
6. Limits on the total GRB energy
The emission feature detected in GRB 060904B shows an
isotropic energy Eisoline ≃ Lline × ∆t ≥ 5 × 10
48 erg, where the in-
equality accounts for the lower limit we have on the duration of
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the emission. Following Ghisellini et al. (2002) the energy char-
acterising the line emission can be used to set lower limits on
the total energy reservoir of the GRB in the form of photons and
kinetic energy:
E =
Eγ
ηγ
≥ 200
Eisoline
ηxηγ
Ωline
4π
(17)
where ηx is the bolometric corretion while the symbol ηγ stands
for the efficiency in converting the kinetic energy into γ−rays. A
line efficiency of 1% has been assumed. For GRB 060904B this
translates into:
E ≥ 1053
(0.1
ηx
)(0.1
ηγ
)
erg (18)
No amplification factor 4π/Ωline has been applied: from Sect. 5
θ ≥ 5◦. Consequently, according to Ghisellini et al. (2002) the
amplification factor due to electron scattering is ∼ 1. It is worth
noting that the derivation of a numerical value for the ηγ pa-
rameter, depends on many physical parameters of the burst itself
and its environment: in the conventional internal+external shock
GRB model ηγ ∼ 1%−5% (Zhang & Me´sza´ros 2004); however,
allowing for an extremely inhomogeneous velocity of the ejecta
shell ηγ ∼ 40% (see Kobayashi et al. 1997; Kobayashi & Sari
2001). In a more recent study Zhang et al. (2007a) derive for
32 GRBs detected by Swift with early X-ray afterglow data
ηγ < 10% at the end of the shallow decay phase; ηγ > 90%
at the deceleration time of the fireball. The bolometric correc-
tion ηx is estimated using a Band spectrum (Band et al. 1993)
with typical values of the parameters: we obtain ηx ∼ 0.1.
From equations 17 and 18 we derive Eγ ∼ 1052(0.1/ηγ) erg.
An independent estimate of the isotropic equivalent radiated en-
ergy Eisoγ can be obtained as follows. Using the correlation be-
tween the SPL photon index Γ and the peak energy of GRB
spectra measured by Swift-BAT in the energy band 15−150 keV
(Zhang et al. 2007b) the photon index of 1.70 (Markwardt et al.
2006) translates into Ep ∼ 85 keV or Ep,i ∼ 150 keV (intrin-
sic peak energy). According to the Amati relation (Amati 2006),
the isotropic equivalent radiated energy in the 1–10000 keV cos-
mological rest frame is therefore Eisoγ ∼ 2 × 1052 erg , in good
agreement with the previous result.
Moreover, assuming the time interval during which the ioniz-
ing source has illuminated the reprocessing material to be com-
parable with the duration of the detected emission (the recom-
bination time would be too small to account for the duration
of the emission), we have Eill ∼ Lion × ∆t ≥ 5 × 1050 erg or
ETOTill ∼ 2 Lion × ∆t ≥ 10
51 erg. The factor 2 in the previous re-
lation has been added for geometrical reasons, since we expect
a two-sided geometry with the line emitting material visible on
only one side. For GRB 060904B this means that a fraction of
the order of 1% of the radiated energy of the burst has illumi-
nated the line emitting material.
7. Discussion
The XRT light curve of GRB 060904B is dominated by a giant
flare in the first ≈ 200 s after the GRB onset (Fig. 2). At the
end of this flare the spectrum becomes softer and an emission
feature spectroscopically compatible with highly ionised Ni line
emission arises.
The detected emission can be explained in a reflection sce-
nario (Sect. 4). In these models high electron temperatures (≥
109 K) require total masses of potentially line emitting material
as high as ∼ 10 M⊙ for θ ≤ 60◦. This would in turn imply a
mass of the shell remnant ≥ 100 M⊙ even under the assumption
of 100 times solar metallicity. For this reason, consistently with
Sect. 3 we consider unlikely the T ≥ 109 K scenario. If the fun-
nel opening angle θ is to be identified with the jet opening angle
θ j, then θ ∼ 60◦ at t ∼ 102 s after the GRB onset is difficult to
justify: Lamb et al. (2005), starting from theoretical considera-
tions, concluded that GRBs have θ j ∼ 1◦; from the observational
point of view, a typical θ j ∼ 5◦ is derived from the afterglow
jet break data (Zhang et al. 2004). If θ ∼ 5◦ (∼ 0.1 rad) the de-
tected emission implies a total Ni mass of the order of 0.1 M⊙ for
RI = 1011 cm, Ro = 1012 cm and M∗Ni ≥ 1 M⊙ for Ro = 10
13 cm,
with MNi∗ increasing from T = 106 to 107 K. Such high val-
ues of Ni mass suggest that the line emitting material is a SN
remnant. (Note that up to this point no ad hoc assumption about
the presence of the SN event has been made.) The same con-
clusion is reached using RI = 1012 cm: in this case θ ∼ 0.1 rad
favours T ∼ 106 K (see Fig. 6 and 7). We underline that in this
scenario the giant flare that dominates the early XRT ligth curve
can not be identified with the ionizing source: in Sect. 5 we de-
rived θ ≥ 5◦. An undetected source of ionization is therefore
required. Alternatively, non geometrical factors must be invoked
to explain the delay between the arrival of direct continuum pho-
tons and line photons.
However, in most cases Swift data do not support the
existence of standard jet breaks: using high quality multi-
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wavelength data Covino et al. (2006) concluded that no con-
vincing case of achromatic break has been detected in Swift
afterglows (the achromatic behaviour was not robustly es-
tablished in the pre-Swift era). The same conclusion has
been reached by Panaitescu et al. (2006), Willingale et al.
(2007) and Burrows & Racusin (2007) in independent studies.
Alternatively, the funnel opening angle might not be directly
linked to the jet opening angle: in other words, the naive expec-
tation θ ∼ θ j might be wrong. These reasons drive us to explore
the prediction of the reflection model for larger θ. Moreover, in
Sect. 5 we showed that the restarted activity of the GRB cen-
tral engine might be the source of the observed line emission if
the ionizing radiation is nearly isotropic and the material inter-
cepts most of the ionizing flux. In that section we also showed
that under the assumption that the reprocessing material is the
SN shell expanding at vshell ∼ 109cm s−1, we obtain θ ∼ 22◦,
17◦ and 5◦ for progenitor radii of the order of 1011, 1012 and
1013 cm, respectively. In this scenario the SN shell expansion
began ∼ 3000 s before the first GRB emission detected by BAT.
Consequently, at t ∼ 100 s we have Ro ∼ Rp + 3 × 1012 cm.
With M∗Ni = 0.4 M⊙, we find that the detected emission requires
T ∼ 107 K for θ ∼ 20◦ (0.3 rad) regardless of the internal ra-
dius assumed. No prediction can be made about the stratification
index.
In this work we considered an efficiency of production of
line photons by the reflection mechanism of the order of 1%.
However, the line production efficiency is a strong function of
the ionization parameter (Lazzati et al. 2002) ξ, here defined as:
ξ =
4πD2LF[1−10]
R2n
(19)
where F1−10 is the 1 − 10 keV ionizing flux; DL is the lumi-
nosity distance (∼ 4150 Mpc for z = 0.703); R is the distance
of the reprocessing material and n is the particle density. The
last column of Table 2, lists the quantity nR2 for ξ = 104; the
1 − 10 keV luminosity is derived from the XRT light curve. For
a total shell mass of 10 M⊙ (order of magnitude of the stimated
mass ejected by HNe explosion, see e.g. Iwamoto et al. 1998;
Mazzali et al. 2003; Mazzali et al. 2006b;Mazzali et al. 2006a)
and a scale distance R ∼ 1012 cm (∼ vshell × tSN) we obtain
nR2 ≈ 1045 cm−1, value we actually derive from the observed
XRT luminosity between 100 and 130 s for ξ = 104. At this very
high value of the ionization parameter, Ni line production effi-
ciencies ≈ 1% can be obtained only for higher than solar metal-
licities (Lazzati et al. 2002). In particular, the SN material asso-
ciated with GRB 060904B must have a metallicity of the order
of ten times the solar value.
Finally, GRB jets might be structured, with angle-dependent
energy per solid angle and Lorentz Γ factor as well: power-law
jets or Gaussian jets have been recently proposed in the liter-
ature (see e.g. Zhang & Me´sza´ros 2002). Unfortunately, the jet
angular structure is still unknown: for this reason no assumption
has been made about the angular distribution of the jet energy.
As a consequence, our results have been calculated assuming
that the detected radiation is representative of the whole emit-
ted radiation, regardless of the direction of emission. However,
it is important to underline that in the most realistic situation
the emission properties of the ionizing continuum are likely to
change with θ.
8. Summary and Conclusions
M07 recently reported the detection of a spectral feature
in excess of the standard single power law behaviour in
GRB 060904B spectra. The emission has been detected ≈ 102 s
after the onset of the GRB, lasted more than 47 s with an
isotropic luminosity of ≈ 1047 erg s−1 (three orders of magnitude
higher than the previous claimed detections). From the spectro-
scopic point of view, the detected feature can be interpreted as
He-like or H-like Ni emission. Given the poor statistics it is not
possible to discuss the line profile.
The peculiarity of the detection motivated us to explore
in detail the theoretical implications of the presence of highly
ionised Ni emitting ≈ 102 s after the burst. Given the typical
τT ≫ 1 (Sect. 3) only reflection models have been considered.
Within these models, the external reflection scenario fails to pre-
dict the observed luminosity when standard values of the wind
velocity and mass loss rate of the progenitor star are used. On
the other hand, if this is Ni line emission, the detected feature
can be interpreted in a funnel scenario with the line produced
in reflection and typical Ni masses of the order of 0.1 M⊙ for
θ = θ j ∼ 5◦, T ∼ 106 K. Such high values of Ni masses strongly
suggest the presence of a SN explosion associated with the GRB
event. Alternatively, if the reprocessing material is provided by
the SN shell and if the giant X-ray flare that dominates the early
XRT light curve is the ionizing source, the expansion of the SN
shell began ≈ 3000 s before the GRB detection, M∗Ni ∼ 0.4 M⊙,
θ ∼ 20◦ and T ∼ 107 K. These models imply mean electron den-
sities ne ∼ 1021 cm−3 for ten times solar metallicity (X ∼ 10−2).
In conclusion, starting from simple analytical models, we
presented a consistent scenario in which the line emission can
in principle arise. Given the importance of the claim, the subject
certainly calls for further study.
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